Abstract
Introduction

47
As one of the most pronounced modes of tropical climate variability, the Madden-Julian inertia-gravity waves, or so-called "two-day waves" (Chen et al. 1996 ; Takayabu et al. 1996) .
60
These convectively coupled waves (CCWs) further consist of scattered cumulus clouds and 61 organized mesoscale convective systems (MCSs) or squall-lines.
62
In spite of the recent great efforts toward improving the ability of general circulation models 63 (GCMs) to simulate the MJO, significant challenges still remain for current GCMs to produce more in exploring the CMT associated with these multi-scale convective systems, particularly its role in 94 the evolution of the MJO circulation, which is the focus of this study. 
112
The multi-scale organization of tropical convection is very difficult to realistically represent in 113 current climate models due to model deficiencies in parameterizing the moist convection and 114 insufficient horizontal resolution to adequately resolve MCSs and even CCWs. Therefore, a so- low-level, westerlies at upper-level) prevails, which is expected to decelerate the MJO circulation. 
180
In this study, we analyze characteristics of the CMT related to the MJO over the IO and WP, 181 mainly using a relatively long-term (12 years) and high-resolution (50km) state-of-the-art reanalysis 182 dataset generated by a GCM that parameterizes the CMT due to subgrid processes ("subgrid-scale"
183
CMT hereafter). Note that the terminology of "CMT" in this study is intended to represent 184 momentum transports either directly through parcel updrafts and downdrafts in scattered cumuli or CCWs where local convective signal may not be explicitly evident. This paper is structured as 187 follows. Datasets and approaches used for the analysis are described in Section 2. In Section 3, This study focuses on the wintertime (November-April) when the MJO exhibits its strongest In general, the subgrid cumulus effect on environmental momentum can be represented as CMT is also assessed following an approach by Miyakawa et al. (2012) . For this purpose, the total 254 variable ( ) is assumed to be decomposed into "large-scale" ( ) and "mesoscale" ( '), e.g.,
255
'. The large-scale circulation component is derived by the horizontal averaged value within a can also be discerned over the WP (Fig. 2b) , although the amplitude in momentum tendency to the 321 east of the convection is rather weak compared to its IO counterpart. tendency is again readily seen in regression patterns based on both the IO and WP rainfall indices.
327
When the enhanced MJO is located over the IO, positive momentum tendency anomalies over from the equator (Fig. 3a) .
331
On the first order approximation, the u-momentum tendency induced by subgrid-scale CMT 332 as illustrated in Fig. 2 will damp the MJO circulation in the free atmosphere above 700hPa, since convection center, which is also the case in our regressed CMT pattern over the WP (Fig. 2b) . The Therefore, it is reasonable to apply the spatial filtering to isolate MCS systems from the large-scale troposphere, with a comparable magnitude to that of the subgrid-scale tendency. Additionally, very 412 similar to that in the subgrid-scale momentum tendency profile (Fig. 2b) , the total grid-scale 413 tendency pattern over the WP exhibits a strong amplitude to the west of the MJO center, in contrast 414 to the rather weak amplitude on the east side (Fig. 6d) . The decomposition of the total grid-scale however, a similar three-layer vertical pattern is also evident in the mesoscale momentum tendency 422 profiles ( Fig. 6b and 6e) , resembling the subgrid-scale CMT structure shown in Fig. 2 , and also in cross-section profiles of momentum tendency by subgrid-scale (Fig. 8a) , mesoscale (Fig. 8b ), large-444 scale (Fig. 8c) , and total grid-scale vertical transports (Fig. 8d) , respectively, based on the EC-
445
YOTC data. Albeit differences are discernible between these two datasets, particularly in the 446 subgrid CMT profiles, which are possibly due to relatively short sampling of the EC-YOTC data as by using a different band-pass filtering method or by adopting slightly different cutoff frequencies.
467
Among these sixteen terms, the contribution of ⁄ , the vertical transport of winter mean u-wind ( , ( Fig. 10a) , and the vertical pressure velocity associated with the 479 MJO( , Fig.10b ), over the IO (black) and WP (green), respectively. The winter mean subgrid momentum tendency, which is shown in Fig. 11 , accounts for 32% and 31% of total 514 variances over the IO and WP, respectively. Of particular interest, a three-layer structure in the 515 vertical momentum tendency profile as previously described, i.e., a positive sign below 850hPa,
negative between 850hPa and 300hPa, and positive above 300hPa, is again discerned in the first 517 leading modes over both the IO and WP (Fig. 11a) , exhibiting great resemblances to the vertical 518 profiles of regressed subgrid-scale momentum tendency pattern associated with the MJO as shown 519 in Fig. 2 . Further composites of coefficients of the first leading PCs over both the IO and WP
520
suggests that occurrence of the first leading subgrid momentum tendency modes is greatly favored 521 during the MJO peak phases (Fig. 11b) . For example, the leading vertical momentum tendency promoting the eastward propagation near the surface. As a result, the total momentum tendency 579 could be partially responsible for the backward tilt with height in the observed MJO structure.
580
Further analyses based on 50km CFSR reanalysis illustrate that u-momentum transport circulations.
614
One caveat of this study is that subgrid CMT output from the CFSR reanalysis is sensitive to 615 the parameterization scheme. Also, due to limitation in the horizontal resolution, the CMT impact Specifically, they found that the subgrid momentum tendency was dominated by, and had an 627 opposite sign from, the meso-to-large scale momentum tendency associated with super clusters.
628
The momentum tendency was approximated using the Moncrieff (1992) 
